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ABSTRACT
The demand for fossil fuels has resulted in decrease in natural resources and created
negative impacts on the environment. These negative impacts require the development
of alternative sources of energy that are environmentally friendly. Dye sensitized solar
cells (DSSCs) is a new class of renewable source of clean energy that is
environmentally friendly with relatively low-cost. DSSC is one of the most promising
solar cell devices with incident to power conversion efficiency of up to 13%. The highest
efficiency of DSSC has been obtained by using a sintered TiO, semiconductor with Zn

based porphyrin dye (SM315) as sensitizers.

Five nitrogen chelating ligands containing 2,6-bis-(benzimidazolyl)pyridine (L1), 2,6-bis-
(butylbenzimidazolyl)pyridine (Lz), 2,6-bis-(benzylbenzimidazolyl)pyridine (L3), 2,6-bis-
(pyrazolyl)pyridine (L), 2,6-bis-(3,5-dimethylpyrazolyl)pyridine (Ls), and their
corresponding ruthenium(ll) and cobalt(ll) complexes have been synthesized and
characterized by elemental analysis, conductivity measurements, melting point, FTIR
and NMR spectroscopy. The photophysical and electrochemical studies of the metal

complexes were carried out by UV-Vis, photoluminescence and cyclic voltammetry.

The FTIR spectroscopic studies confirmed the coordination of the ligands to the Ru(ll)
and Co(ll) metal ions. The results of the electronic spectra studies show that the

complexes are coordinated to the ligands in six coordinate octahedral geometry and the



complexes exhibited some photoluminescence properties of suitable for application in
dye sensitizers. The cyclic voltammogram of complexes containing 2,6-bis-
(benzimidazolyl)pyridine have more reduction potentials which could be ascribed to the
increased T conjugation in the ligands used for the synthesis of the complexes. The
solar cell efficiencies of the complexes was calculated from the |-V curves of fabricated
solar cells. The solar cell fabricated from complex Cs (ruthenium complex of 2,6-bis-
(3,5-dimethylpyrazolyl)pyridine) on TiO, semiconductor produced the highest open-
circuit photovoltage of 87.3 x 10 mV, short-circuit photocurrent of 0.022 mA/cm™ and

the solar conversion efficiency was 1.01 x 10° %

Vi
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CHAPTER 1

1.0 INTRODUCTION AND LITERATURE REVIEW

1.1 Introduction

The increase in demand for energy is one of the many challenges the world is facing
today. This causes an increase in consumption of fossil fuels and thus decreases in the
amount of fossil fuels and also results in negative impact on the environment. The
increase exploitation of fossil fuels led to the development of alternative sources of

energy that are environmentally friendly [1-6].

Progress has been made in the development of alternative energy sources such as
biomass [7], solar [8], nuclear [9] and wind [10]. The conversion of power from solar
energy may be accomplished by solar cells, a class of electrical devices that generate
electric power through a photovoltaic effect [4, 11]. Crystalline silicon and compound
semiconductor thin films were developed for use in solar cells [12, 13]. Single crystalline
silicon solar cells operate on the principle of p-n junctions formed by joining p-type and
n-type semiconductors [14]. The electrons and holes are photo generated at the
interface of p-n junctions, separated by an electrical field across the p-n junction, and
collected through the external circuits [1, 15, 16]. Silicon based solar cells have high
efficiency for solar energy conversion with efficiency of up to 25% [6]. However, such
devices still possess the disadvantage of high production cost [12]. Since the 1950s,
several new types of solar cells have been studied and developed [17]. Among the solar

cells, dye sensitized solar cells (DSSCs) are very attractive choices for utilizing the solar



energy [16, 17], due to their potentially low production cost. DSSCs are among the
promising solar cell with incident to power conversion efficiency of up to 13% of

photovoltaic characteristic [18].

In 1960s it was discovered that electricity can be generated at oxide electrode from
clear organic dyes in an electrochemical cell, but the instability of this solar cell was
found to be the main change in developing solar cells. Fine thin oxides were used to
improve its efficiency and stability but the problem of instability remains and hinders
further development [19]. Gratzel and O’Regan in 1991 developed a new type of solar
cell (known as DSSC or Gratzel cell) the third generation of solar cells [20]. DSSCs are
sensitized by nanoparticle titanium oxide films with ruthenium bipyridyl complex [21, 22].
These DSSCs contain carboxylic group as anchoring ligands that are attached to the
surface of TiO, thin film semiconductor and transfer electrons to the conduction band.
TiO, (anatase) has a wide band gap of 3.2 eV that comprises valence band and
conduction band [23, 24]. In DSSCs the separation of the charge by kinetic energy is
similar to photosynthesis in plants while charge separation on solar cells takes place by

movement of current with efficiency of 7.1 -7.9 % [25].

1.2 Structure and operation principle of dye sensitized solar cells

A dye sensitized solar cell consist of a conducting glass substrate, dye sensitizer, an
electrolyte, a mesoporous oxide layer (TiOz), and counter electrode as shown in Figure

1[26].
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Figure 1. Operation principle of DSSC [27]

Dye sensitized solar cells are composed of four different components:
1.2.1 Working electrode

Working electrode consists of anode made up of transparent glass sheet that allows the
light to pass through the solar cell, the glass is treated with mesoporous thin film
conductive layer such as TiO2, ZnO and SnO,. The thin film is situated on the anode to

improve electronic conduction [28, 29].



1.2.2 Sensitizer

A monolayer charge transfer of a sensitized dye is covalently bonded to the surface of
mesoporous thin film conductive layer to increase the absorption of light and provide
electron passage through the cell. The function of sensitizer in solar cells is to absorb

light and convert photons into excited electrons and cause current to flow [30].

1.2.3 Counter electrode

A counter electrode consists of cathode made up of a glass or plastic substrate coated

with a catalyst (graphite or platinum) to ease the collection of electrons [30, 31].

1.2.4 Electrolytes

An electrolyte containing a redox intermediate (usually CH3;CN) and I/I'3 as the
prepared electrolyte. Electrons in sensitized dye are balanced by electrolytes [19, 20,
32]. The electrolyte is situated between counter electrode and TiO; thin film layer.
Electrolytes are responsible for the flow of electron in the circuit. In this case iodine is
oxidized into triiodide after the dye has lost an electron and this reduces chances of a
solar cell to have short circuit, the dye is reduced to its oxidation state by the oxidized I3

and the electric conversion is repeated [33].

In a DSSC, sunlight is absorbed in a form of light energy into a dye sensitizer, the
absorption of light makes the dye electrons to travel from the highest occupied
molecular orbital (HOMO) in the ground state to the lowest unoccupied molecular orbital

(LUMO) (1) (Figure 1) in the excited state [22, 34]. Then the excited electron travels



through a conduction band of TiO; thin film leaving the dye in its oxidized state (2)
(Figure 1). The electrons start traveling through an external circuit (3) (Figure 1) [35].
The electrons present in the electrolyte are collected from external circuit by counter
electrode and the circuit is closed by the reduction of the dye by electron transfer from
the electrolyte or hole-conductor [36], in this step (4) (Figure 1). A catalyst is required
such as platinum. The catalyst is fixed on the conducting TiO, layer of counter
electrode, catalysts assists the flow of electrons. Then the electrons travel through
catalyst to reach the electrolyte solution positioned in between the working and counter
electrodes [23, 37]. Electrolyte solution contains a large number of charged ions that are
decomposed and provide electrons to the dye sensitizer [38]. The charged ions
transport electrons to their original position through the nanoparticle TiO; thin film to the
dye molecules where they regain their original positions. In step (5) (Figure 1) the circuit
closes and recharged dye, the DSSC capable of repeating the process of changing light

energy into electrical energy. In this way electrical circuit is complete [21, 39].

S + photon — S (1)
S*+TiOy  —— 3/21 + CE oo 2)
e (TiO,)+CE ——> TiO, + e o + electric charge ......... (3)
ST 432 TS HF U2 g e (4)
W2l 3+e e —  3/21 + CE oo (5)

The stability of DSSCs depends on four components discussed about (dye sensitizer,
counter electrode, electrolyte and semiconducting oxides). For instance sensitizers

stabilized with phosphonic or carboxylic are capable to perform many redox cycles

5



without decomposition [31]. Gratzel developed a DSSC sensitizer material that can
sustain redox cycle with a remarkable continuous performance in light for 20 years [40].
In ruthenium complexes the transfer of injected electron through the thin film occurs at a
faster rate than the reverse reaction causes the electron to combine the oxidized dye
molecule instead of flowing through the circuit and produce electric power [41,42]. The
structure of a dye sensitizers strongly affect the stability, performance and efficiency of
DSSC. The stability of a solar cell is also affected by the light absorption and intensity of
a dye sensitizer. In natural dyes, the solvent used to extract dyes from plants affect the

performance of DSSC [1, 43].

1.3 Sensitizer

Semiconductor oxides with wide band gaps are used in DSSC, but these
semiconductors do not absorb in the visible region. Dye sensitizers attached to the
surface of a solar cell play an important role in absorption of light and conversion of
solar to electrical energy [44-46]. Researchers have focused on the study of dye
sensitizers such as natural, organic and metal-organic dyes (Figure 2) [48]. In the case
of metal-organic compounds, ruthenium complexes are mostly used as charge transfer
in solar cells with efficiency up to 11% and they are the most effective sensitizers due to
their high efficiency, great charge transfer absorption in the visible region, chemical

stability and they possess photochemical properties [43, 49, 50].
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Figure 2. Structures of some dye sensitizers.



According to Wu et al and Feldt et al [49, 50] these are several factors to be considered

when synthesizing a dye sensitizer they:

o The dye should have a broad absorption spectrum, preferably all the way into
the near-IR wavelength (approximately at 920 nm) in order to collect as many
incident photons as possible.

o Low toxicity and possibility to recycle.

o High photo-stability to sustain at least 20 years of use.

o It must consist of oxygen or hydrogen group to be stable on the surface of the
semiconductor.

o The energy levels should match the conduction band of the semiconductor and

the redox potential of the hole-conductor.

1.4 Solar energy to electricity conversion efficiency (n)

The overall solar energy to electricity conversion efficiency of a solar cell is defined as
the ratio of the maximum output of the cell divided by the power of the incident light [1,
53]. The overall conversion efficiency (n) can be determined by the photocurrent density
measured at short circuit (Jsc), the open circuit photovoltage (Vqc), the fill factor of the
cell (FF), and the intensity of the incident light (Pj,) as follows [51-53] :

(Voc Jsc FF)
N =

1009 e cee v e eee e e e (6
Pin % (6)

Vmax Jmax
FF = ——— - (7)

Voc Jsc



Conversion efficiency is dependent on all the first three factors which are Jgc, Voc and FF
as shown presented in Table 1. Under standard conditions it is importance to use each

factor for high overall efficiency [55, 56].

Table 1. Dye sensitizers with efficiencies over 5%

Dye Jsc (MA/em™) | Voe(V) FF (n) % Ref.
D5 11.9 0.66 0.68 5.1 [43]
BTS 13.9 0.52 0.57 5.2 [44]
Phenothiazine 17.76 0.80 0.57 5.73 [45]
D149 17.76 0.60 0.74 6.1 [46]
N3 11.5 0.74 0.74 10.3 [47]
black dye 20.53 0.72 0.70 10.4 [47]
N719 17.73 0.84 0.74 11.2 [47]
c101 5.42 0.74 0.83 11.3 [48]

Jsc =short-circuit current density, n = cell efficiency, V,c = open-circuit voltage and FF=

fill factor.



1.5 LITERATURE REVIEW

1.5.1 Nitrogen chelating ligands

Bis-(imino)pyridine ligands (Figure 2) are derived from pyridine with imine on position 2
and 6. These ligands are of great importance due to their electronic modularity, ease of
synthesis and ability to stabilize transition and alkali metal ions. Chelate of this type that
is tridentate ligands are, now well established that they are both chemically and redox
active and accepts up to three electrons [57-59]. Bis-(imino)pyridine has the ability to
act as an electron reservoir as such, it is popular for application in catalysis or as
reagent for activation of small molecules [60]. In bis-(imino)pyridine ligands (Figure 3)
cis conformation is enforced allowing faster complexation with metals to promote

catalytic activity [61].

Ligand | R1
L1 H
L2 CHs
Ls BZ

Figure 3. Structure of bis-(2-benzimidozoyly) pyridine base compounds.
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The late transition metals are less oxophilic than the early transition metals, and are
therefore supposed to be more tolerant toward Lewis bases [62, 63]. The late transition
metals combined with tridentate ligands (Figure 4), since the reports of 2,6-bis-
(imino)pyridine new ones have been synthesized that includes complexes with ligands
such as 2,5-bis-(imino)thiophene, 2,5-bis-(imino)-furan, 2,5-bis-(imino)pyrrole, 2,6-bis-
(amine)pyridine, 2,6-bis-(2-benzimidazolyl)pyridine, 2,6-bis-(hydrazone)pyridine, 2,6-

bis-(aryliminophosphoranyl)pyridine and 2,6-bis-(pyrrolyl)pyridine [64].

X
KE% @
7 = ¢ §
N N, R | , =N =
h _N N

~
Ry Ry Ar Ar Ry
R=Ph, Me, Hand R 4= Me, H 2,6-bis-(imino)pyridine R=Ph, Me, Hand R 4= Me, H
2,6-bis-(hydrazone)pyridine 2,6-bis-(pyrazolyl)pyridine

DL
griidy f

R= Ph, Me and H

R3
2,6-bis(2-benzimidozolyl)pyridine R=Ph, Me, H and R 1= Ry=R3=Me, H

2,6-bis- (aryllmlnophosphoranyl pyridine

AN U

N\Ar

2,5-bis-(amino)pyrrole 2.5-bis- (am'”o)f”ra“ Rz R;=Ph, Me, Hand R ,= Me, H

2,5-bis-(amino)pyridine

Figure 4. Structures of some bis-(amino)pyridine ligand
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Bis-(imino)pyridine is known to be a redox-active ligand, also called redox non-innocent
ligands, and can interact with the metal center to facilitate chemical transformations.
These redox-active ligands can be easily oxidized or reduced due to the energies of
their frontier orbital. The redox non-innocence of the bis-(imino)pyridine ligand (Scheme
1) in the complex which is formulated as an intermediate spin metal center with a doubly

reduced bis-(imino)pyridine dianion [66-69].

| X
R & R
+e
| r | -Cl
/N—RU—N\
Ar \ Ar
Cl Cl

Cl

Scheme 1. Redox activity of 2,6-bis-(imino)pyridine ligands in Ru coordination

compound (R = Me, Ph)

The stability and catalytic activity of a metal complex depends on the capacity of the
ligand to accept up to three electrons from the metal center through conjugated Tr-acidic

nitrogen atoms to mitigate the one electron to metal ion [70].

Pyrazolyl base ligand consists of three possible substituting positions on the pyrazole
ring which allows the functionalization of the ligand in order to influence the electronic
and steric properties this will depend on the substituent chosen. Jamson et al,
synthesized and characterized 2,6-bis-(pyrazol)pyridine ligand by combining pyrozolyl

and pyridyl to enable the synthesis of tridentate [65] as shown in Scheme 2.
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X R, H Ry N Ry
| + 2 . SN DMF | _
N/ / 130°C Z >N" N N7 O
Cl Cl
- ) \
3 N N
R, R

3

Ligand | R; Rs
La H H
Ls H Me
Le Me Me

Scheme 2. Synthesis of Bis-(pyrazolyl)pyridine ligands.

1.5.2 Coordination of metal complexes.

Ruthenium complexes that contains bis-bidentate or tridentate ligands have recently
received considerable attention in molecular electronic devices [71]. Bis-(imino)pyridine
ligands interact with the d orbitals of transition metals through both o—donor located on
the nitrogen atoms and the t—acceptor conjugated aromatic system [72]. Deng et al.
[73] designed and synthesized a ruthenium complex, RuCly(PPhs)(MesBPPYy), from the
2,6-bis-(3,5-dimethylpyrazol-1-yl)pyridine (Me4sBPPy) in 2-propanol at 80 °C. The

structure was characterized using XRD and showed good crystalline structure.

In 2008, Singh et al. [74] synthesized and characterized ruthenium complexes with
tridentate 2,6-bis-(benzimidazol-2-yl)pyridine ligand. Ruthenium(ll) complex was

observed to exhibit strong metal-to-ligand charge transfer (MLCT) band near 475 nm
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and intra-ligand 1r-11* transitions appear at 347 and 314 nm at pH 5. The MLCT band
position was found to increase as the pH was increased indicating that the MLCT of 2,6-
bis(benzimidazol-2-yl)pyridine ligand was dependent on pH [74]. These electronic
properties have raised a lot of interest especially in the solar cell industry and in

catalysis.

1.5.3 Application of ruthenium complexes in DSSCs

Ruthenium(ll) complexes containing pyridine are the most successful complexes as
dyes in DSSCs. The application of ruthenium complexes (N3 and N719) (Figure 5) was

first reported by Nazeeruddin et al, in 1993 [75].

COOH

COOH | COOH

COOH

OTBA

N3 N719

Figure 5. Structure of N3 and N719 Ruthenium complex.
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Compounds N3 and N719 where N719 are analogous and only differ in their
substituents where N719 contains tetrabutyl ammonium (TBA) in the para position of
pyridines N3 contain two anchoring carboxylic group (-COOH) in the same positions
[76]. Several studies in DSSCs have been carried out using cis-[Ru(dcbH,),LL] as dyes.
This is because these complexes contain good anchoring ligand that allow an efficient
absorption onto the surface of the semiconductor, which can be TiO; or ZnO and their

properties can be enhanced by using different ancillary ligands [77].

In the work reported by Adeloye and Ajibade (2010) the synthesis of ruthenium
complexes with general formula [Ru(L¢)(L2)(NCS);] where L=4-(9-dianthracenly-10-
(2,3-dimethylacrylic acid)-7-(9-anthracenly-10-(2,3-dimethylacrylic acid)-1,10-
phenthrolline and L,=4,7-bis-(1-methoxyl-1-butane-3-enye)-1,10-phenothrolline utilizing
anthracene derivatives and 1-methoxy-1-butene-3-enyl moiety were introduced to the
Ru(ll) complex to increase the 1r-conjugate to enhance the photophysical properties

(light-harvesting and electronic transfer) [78].

In the work of pyazolypyridine and terpyridine Ru(ll) sensitizers Wu et al. (2012)
reported a series novel heteroleptic bis-tridentate Ru(ll) sensitizers with
dicarboxyterpyridine and 2,6-bis(5-pyrazolyl)pyridine, the complexes were denoted as
TF 11-14 (Figure 6) Bis-tridentate (terpyridine) sensitizer showed a remarkable
performance in dye sensitized solar cells when compared to a DSSC with N749

(ruthenium polypyridine) sensitizer. The short-circuit photocurrent (Jsc) of TF-12

15



sensitizer found to be 19.0 mA cm™, an open-circuit voltage (Vo) of 0.71 V, and a fill
factor (FF) of 0.68 and an overall conversion efficiency (n) of 9.21%. The 1-conjugated
pendant group was introduced to TF dyes sensitizer to increase both light-harvesting

and photovoltaic energy conversion capability of TF. The carboxyl anchoring group

increased the efficiency Ru(ll) sensitizer [79].

TF 13, R= 5-(2hexylthiophene)
TF 114, R= 5-(2hexyl-EDOT)

TF 11, R= 5-(2hexylthiophene)
TF 12, R= 5-(2hexyl-EDOT)

Figure 6. Structure of TF 11-14

Recent publications of Lobello et al. (2014) [80] describe the design of a new
ruthenium(ll) sensitizer, [Ru(L¢)(L2) (NCS),] where L1 = (4-(5-hexylthiophen-2-yl)-4’(4-
carboxyl-phenyl 2,2’-bipyridine) and L2 = (4,4’-dicarboxy-2,2’-bipyridine), (Figure 7)
based on a dissymmetric bipyridine ligand was synthesized and used in DSCs. The
observed photovoltaic efficiencies were found to be 7.6 %. The binding of bipyridyne
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ligands occurred through three anchoring carboxylic groups its physical properties are

similar to that of N719 (Figure 5) dye [80].

HO

Figure 7. Structures of [Ru(L+)(L2) (NCS),] [80]

In work reported of Adeloye et al. [81] a new homoleptic ruthenium(ll) complex, with a
general formula [Ru(L1)2(PF6)2], where Ly = bis-4’-(trans-2-methyl-2-butenoic acid)-
terpyridyl was designed. Bis-hexafluorophosphate enhances the stability, photophysical
and redox properties and also increased the length of -conjugation to enhance MLCT
of the complex, which was found to be far better compared to [Ru(tpy)-]**. The main
drawback was that the electronic spectra exhibit lower wavelength compared to N3 and

N719 (Figure 5) [81].

1.5.4 Application of cobalt complexes in DSSCs

Large amount of energy can be lost during the regeneration reaction of I3/I" system. The

energy is due to corrosiveness of I3/I" and absorption of light by triiodide [82].
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Researchers have recently developed new redox compound that have higher redox
potentials than iodide ions [83]. In order to overcome the loss of energy and increase
conversion efficiency of DSSCs, researchers have recently developed a new redox
compounds that hence higher redox potentials that |I" ions. Such compounds include
cobalt, iron, copper based complexes [84]. Of these compounds, cobalt (I1)/(lIl)
bipyridine complexes show interesting performance in DSSCs [85]. The use of cobalt
complexes has not been reported to date, these compounds are only employed as

redox mediators for DSSCs.

The absorption of light in the visible region of the solar spectrum in cobalt complexes is
insignificant, and their redox properties can be adapted to use donor/acceptor
substituents on the ligand [86]. For example, cobalt complexes can be used as
alternate of I3 /I" used in dye-sensitized solar cells [87]. In 2001 Nusbaumer et al. [88]
showed that DSSCs containing cobalt complex of 2,6-bis(1-butylbenzimidazol-2-
yhpyridine (Figure 8), as an electron and redox mediator and had the power conversion
efficiencies at about 5.2 %. The kinetic behavior of cobalt complexes redox mediator
was found to be similar with that of I37/I" redox couple. These results show that cobalt
complex can be used as mediator and as alternative to commonly use I3 /I redox couple

used system in DSSC [88].
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Figure 8. Cobalt(ll) complex of 2,6-bis(1-butylbenzimidazol-2-yl)pyridine.

In another study, Feldt et al. [89] synthesized cobalt complexes of bipyridine and
phenanthroline (Figure 9) These compounds were their redox potential and the
proportionality of the driving force for recombination and the regeneration of dye on
DSSCs. Photovoltaic current was found to be inversely proportion to the redox potential
of cobalt complexes. It was found that the half-life of cobalt tribipyridine complexes was
about 20us for regeneration of dye on a photovoltaic performance, which was found to

be similar to that of I3/l redox couple.

19



(a)

R=H, CH 3, or t-butyl

R

Figure 9. Structure of cobalt(ll) complexes of (a) bipyridine and (b) phenanthroline.

Cobalt(l1/111) tris(5-chloro-1,10-phenanthroline) was found to have a driving force of 390
mV for regeneration of dye which was enough to regenerate more than 80% of the D35
(Figure 10) dye molecules, causing generation of electric current from incident photon to
be above 80%. The only drawback was when cobalt phenanthroline complexes were

used, the photocurrent of the D35 dye sensitized DSCs decreased [89].
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HgC4O

HgC4O

N N |
(e

HgC4O

Figure 10. Structure of D35 dye [90]

In the pioneering work of cobalt redox mediators used in DSSCs, Yum et al. designed a
cobalt complex of tridendate ligands [Co(bpypz).]¥**(PFs)¥? in photovoltaic performance
as redox mediator with Y123 dye (Figure 11) the power conversion efficiency was
found to be over 10% at 100mWcm™. It was concluded that cobalt redox couple is a

promising alternative to the commonly used I3 /I redox couple [91].
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H13CGO

N

H13CGO

Figure 11. Structure of Y123 dye [92]

1.6 Motivation and rationale

Fossil fuels are non-renewable source of energy and their use depletes natural
resources and cause an increase in greenhouse gases such as, carbon monoxide and
carbon dioxide in the atmosphere and consequently global warming [2]. The use of dye
sensitized solar cells as a source of electric energy can provide clean and renewable
energy. Crystalline silicon solar cell being used at present is very expensive and they
require a dopant for them to operate [12]. Such devices are not desirable because of
still possess the disadvantage of high production cost. Recent reports [18] show that
cobalt(ll/111) complexes have interesting promising efficiency compared to natural dyes.
Furthermore, ruthenium complexes as dyes can sustain the performance of DSSC for

up to 20 years.
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1.7 Problem Statement

Researchers are still trying to develop new solar cell technologies that could generate
electric energy at low cost that are competitive with energy generated from fossil fuels
[5]. At present, most of our energy is from fossil fuels, is it possible to get a DSSC as

good as fossil fuel?

Renewable energies such as solar cells have attracted most researchers because it
directly converts solar energy into electric energy without affecting the environment [2].
Can a problem related to depletion of natural resources be resolved by using DSSC as

a source of electrical energy?

Silicon based solar cells have solar energy conversion efficiency of 25% [12]. However,
such devices are associated with high production cost [4]. Is it possible to overcome the
disadvantage of high production cost of silicon solar cells by developing DSSCs with

comparable or better efficiency?

1.8 Aims and objectives

Aim: To synthesize, characterize and evaluate Ru(ll) and Co(ll) complexes of nitrogen

chelating ligands as sensitizers for DSSCs
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Objectives:

o To synthesize bis-(imino)pyridine and bis-(pyrazolyl)pyridine based ligands.

o To synthesize ruthenium(ll) and Co(ll) complexes of these ligands.

o To characterize the ligands, Ru(ll) and Co(ll) complexes using elemental

analysis and spectroscopic techniques.

o To carry out photophysical and electrochemical studies of the Ru(ll) and Co(ll)

complexes.

o To fabricate solar cells using the Ru(ll) and Co(ll) complexes.

o To evaluate the conversion efficiency of the fabricated solar cells.
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CHAPTER 2

2.0 EXPERIMENTAL
2.1 Chemicals and solvents

RuCl3-3H,0, CoCly»'6H,0, 1,2-phenylenediamine, polyphosphoric acid, pyridine-2,6-
carboxylic acid, ammonium solution, pyrazole, 2,5-dimethylpyrazol, sodium hydrate,
2,6-dichloropyridine-4-carboxylic acid, MgSO,4, potassium hydroxide, potassium
thiocynate, DMF, DMSO, acetone, ethanol, bromobezene, chlorobut-2-ane, THF,

dichloromethane and diethyl ether, all the chemicals were bought from Sigma Aldrich.

2.2 Characterization techniques

2.2.1 FTIR spectroscopy

The FTIR spectra of different nitrogen chelating ligands and complexes (as KBr pellets)
were obtained by using Perkin-Elmer Paragon 2000 spectrophotometer at 370 cm™ to

4400 cm™ range.
2.2.2 UV-Vis spectroscopy

Uv-Vis spectra of ligands and complexes were recorded on a 1 cm path length quartz

cell on a Perkin-Elmer Lambda 25 UV-Vis spectrophotometer using DMSO as a solvent.
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2.2.3 NMR spectroscopy

'H NMR and ™C NMR spectra were recorded on a Buker EMX 400 MHz

spectrophometer.

2.2.4 Melting point
The melting point of the compounds was determined using Stuart melting point

apparatus.

2.2.5 Electrochemistry

Cyclic voltammetry measurements were obtained using Autolab potentiostat with three

electrodes, glassy carbon working electrode, Ag/AgCl reference electrode and Pt

-1
counter electrode. The potential range was +1.5 to -1.5 at a scan rate of 100 mVs . The

three electrode were immersed in 0.5 mM of cobalt(ll) and ruthenium(ll) solution in
water with 0.1 M of phosphate buffer solution (PBS) as a supporting electrolyte.
Bubbling nitrogen gas purged through the solution for 15 minutes to remove interfering
oxygen gas during the measurements deoxygenated the solutions. After each
measurement, the working electrode was cleaned with alumina and water on a felt pad

and rinsed with water.

2.2.6 Solar cell fabrication
Scotch tape was put on the conducting side of Indium Tin Oxide (ITO), TiO, paste and

flattens it with a razor blade on the same side of the ITO glass. The electrode was put
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on top of a hot plate and heated at 450 °C for 30 minutes. The concentration of the dye
solution was 0.3 mM. TiO; electrode was dipped into the dye solution for 10 minutes. Pt
plate electrode with a hole was put on top of a hot plate at 450 °C for 10 minutes to
activate the electrode. The TiO»/dye electrode was taken out from the dye solution and
washed with fresh ethanol and allowed to dry. The two electrodes were combined and a
sealer was placed between the two electrodes and clipped with a blinder then heated at
70 °C for 15 minutes. After cooling, electrode construct was filled with electrolyte and
the hole was sealed with a cap sealer. A solar analyzer was used to characterize the

cells.

2.3 Preparation of nitrogen chelating ligands

2.3.1 Preparation of 2,6-bis(2-benzimidazolyl)pyridine (L+).

B
H H
N PPA N = N
| + 2 — N
_ NH, 140°C @/l '
Hooc” SN COOH N N
NH,

Scheme 3. Synthesis of 2,6-bis(2-benzimidazolyl)pyridine.

The ligand 2,6-bis(2-benzimidazolyl)pyridine (L) was synthesized according to Singh
and co-workers procedure [1]. Under nitrogen, pyridine-2,6-dicarboxylic acid (1.7 g, 13
mmol) and 1,2-phenylenediamine (2.13 g, 26.4 mmol) were added to 3.9 g of

polyphosphoric acid. The mixture was refluxed while stirring at 150 °C for 6 h. The
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mixture was cooled to 90°C and poured into 50 mL of water. Subsequently, the mixture
was neutralized to pH 8 with ammonium solution. The resultant white solid was
collected by filtration and repeatedly washed with methanol. The equation of the
reaction is as shown in Scheme 3. Yield: 3.23g, 79%, m.p. 180°C, IR (KBr pellet) v(cm"
'): 3208, 3105, 2822, 2364, 2208, 1945, 1716,1675,1725, 1517,1462, 1206, 1067, 896,

533.

2.3.2 Preparation of 2,6-bis(1-but-2-ylbenzimidazol-2-yl)pyridine (Lz).

H | N H C4"{9 | o~ /C4H9
N ’ N7 \ N + 2C4HCl —>A’é§tz'ne N I N \ N
D SRS

Scheme 4. Synthesis of 2,6-bis(but-2-ylbenzimidazol-2-yl)pyridine.

The synthesis of 2,6-bis(1-but-2-ylbenzimidazol-2-yl)pyridine (Lz) (Figure 4) was done
using the synthetic route reported by Gong and co-workers [2]. The alkylation of Ly was
done as shown in Scheme 4. 2-chlorobutane (1.2 g, 7.71 mmol), 2,6-bis-(2-
benzimidazolyl)pyridine (L4) (1.2 g, 3.85 mmol) and KOH (0.28 g, 4.98 mmol) were
dissolved in 30 mL of acetone and refluxed for 4 h at 35°C. After cooling an equal
amount was added to the mixture, which was extracted by dichloromethane, the organic
layer was dried over MgSO, and evaporated to dryness [2]. Yield 1.11g, 68%, m.p.
180°C, IR (KBr pellet) v(cm™): 3235, 2370, 2270, 2201, 1937, 1622, 1460, 1091, 791,

618.
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2.3.3 Preparation of 2,6-bis(1-benzylbenzimidazol-2-yl)pyridine (L3).

X
n | P H Br | X
O SEEPE \ P 7
o4O
Scheme 5. Synthesis of 2,6-bis(benzylbenzimidazol-2-yl)pyridine.

The preparation of of 2,6-bis(1-benzylbenzimidazol-2-yl)pyridine (L3) (Scheme 5) was
similar to the method reported for L, (section 2.3.2). Bromobenzene (0.71 g, 7.71
mmol), 2,6-bis-(2-benzimidazolyl)pyridine (1.2 g, 3.85 mmol) (L4) and KOH (0.28 g, 4.98
mmol) were dissolved in 30 mL of acetone and refluxed for 4 h at 35°C. After cooling
the mixture an equal amount was added to the mixture, which was extracted by
dichloromethane, the product obtained was dried over MgSO, and evaporated to
dryness [2]. Yield: 1.22g, 68%, m.p. 172°C, IR (KBr pellet) v(cm™): 3237, 2983, 2904,

1924, 1623, 1400, 1069, 883, 757, 757, 622, 555.
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2.3.4 Preparation of 2,6-bis(pyrazol)pyridine (L)

y H
N
\ \
| + 2 | N D 4 N
Z 130°C
N / \
H

Scheme 6. Preparation of 2,6-bis(pyrazol)pyridine (L4)

The method used for synthesis 2,6-bis(pyrazol)pyridine (Ls) was adopted from Abbo
and Titinchi’s procedure [3]. Pyrazole (1.2 g, 17.6 mmol) was placed in DMF 30 mL in a
100mL round bottom flask, sodium hydrate (0.422 g, 17.6 mmol) was added to the
mixture. The mixture was stirred under nitrogen at 50 °C for 20 minutes. 2,6-
dichloropyridine-4-carboxylic acid (1.39 g, 5.86 mmol) was added and refluxed for 24 h
at 130°C. The reaction was carried out as presented in (Scheme 6). After cooling the
mixture 25 mL of water was added which was extracted with dichloromethane. The
organic layer was dried over MgSO,4 and evaporated to dryness [3]. Yield: 0.91g, 73 %,
m.p. 80°C, IR (KBr pellet) v(cm™): 3365, 2976, 2394, 2364,1994, 1664, 1395, 1253,

1043, 831,763, 613.
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2.3.5 Preparation of 2,6-bis(3,5-dimethylpyrazol)pyridine (Ls).

Scheme 7. Synthesis of 2,6-bis(3,5-dimethylpyrazolyl)pyridine.

2,6-bis(3,5-dimethylpyrazol)pyridine, Ls (Scheme 7) was prepared in a similar method
used for L4 (section 2.3.4). 3,5-dimethypyrazole (1.3 g, 13.5 mmol) was placed in DMF
30 mL in a 100 mL round bottom flask, sodium hydrate (0.33 g, 13.5 mmol) was added
to the mixture. The reaction was carried out under nitrogen at 50 °C for 20 minutes, 2,6-
dichloropyridine-4-carboxylic acid (1.07 g, 4.5 mmol) was added and refluxed for 24 h at
130 °C. After cooling the mixture 25mL of water was added to the mixture that was
extracted with dichloromethane. The product was dried over MgSO,4 and evaporated to
dryness [3]. Yield: 0.83g, 69%, m.p. 82°C, IR (KBr pellet) v(cm™): 3410, 3198, 2903,

2552, 2366, 1608, 1306, 1161, 1090, 841, 714, 621, 437.

2.4 Preparation of Ruthenium (ll) precursor [RuClz(DMSO), ].

RuCly 3H,0 DMSO
3 2 m [RUClz(DMSO)4] ................................... 8

The ruthenium precursor was prepared using Bianchi’'s method [4]. RuCl3-3H,0 (1g, 1.9

mmol) of was refluxed at 130 °C in DMSO 8 mL for 20 minutes in air. The reaction is as
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shown in equation 8. The solution changed from dark to light yellow and bright yellow
precipitate was formed during cooling then 30 mL acetone was added and a yellow

precipitate was filtered off washed three times with times with acetone.

2.5 Synthesis of ruthenium(ll) complexes.

2.5.1 Synthesis of [RuL1Lo(NCS);] (C1)

N N
H H
§ | > 4 + RuCL,(DMSO), + /EJ\
S p HOOC N~ >COOH
NH NH
(Lo)

(Lq)

2KSCN[DMF

X

H | H

N [ NE \ N

asNPYe
Ru
HOOC + 2KCl
/ ‘\NCS

| SN Nes
™ COOH
(Cq)

Scheme 8. Synthesis of [RuL1Lo(NCS),]
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The method used to synthesize C¢ (Scheme 8) was adopted from Adeloye and Ajibade
procedure [5]. Under nitrogen, 2,6-bis-(2-benzimidazolyl)pyridine (L4) (0.12 g, 0.206
mmol) and [RuCIly(DMSO)4] (0.2 g, 0.206 mmol) were dissolved in 25 mL of DMF. The
mixture was refluxed in the dark for 4 h, pyridine-2,6-dicarboxylic acid (0.069 g, 0.206
mmol) was added to the mixture and refluxed for 2 h. After 2h excess potassium
thiocynate was added to the mixture and refluxed for 8 h. The reaction mixture was
cooled at room temperature, the DMF was evaporated under vacuum. The residue was
suspended in diethyl ether, the brown solid was filtered under vacuum, rinsed with
diethyl ether and dried under vacuum [5]. Yield: 89 mg, 62%, m.p. 220°C, IR (KBr
pellet) v(cm™): 3409, 3244, 2839, 2374, 2122, 2084, 1620, 1464, 1400, 1397, 1308

1109, 1068, 818, 622.
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2.5.2 Synthesis of [RuL,Ly(NCS);] (C.>).

HoCy | X /C4H9 N
\N = N + RuCL(DMSO), + | P
S ) Hooc” SN CooH
NH NH
(L2) (Lo)

2 KSCN[DMF

HyCy | X CqHog

N > N
asNPe
HOOC Ru + 2kcl
e
SN Nes

\

7 COOH
(Co)

Scheme 9. Synthesis of [RuL;Lo(NCS);]

The synthesis of C, (Scheme 9) was carried out in a similar method used for C4 (section
2.5.1). 2,6-bis-(butylbenzimidazolyl)pyridine (0.175 g, 0.206 mmol) and [RuCIlz(DMSO)4]
(0.2 g, 0.206 mmol) were placed in 25 mL of DMF. The mixture was refluxed under
nitrogen in the dark, after 4 h pyridine-2,6-dicarboxylic acid (0.069 g, 0.206 mmol) was
added to the mixture then excess potassium thiocynate was added after 2 h. The
mixture was refluxed for 8 h, after cooling down the reaction medium at room
temperature, the DMF was evaporated under vacuum. The product was suspended in

diethyl ether, the brown solid was filtered under vacuum, rinsed with diethyl ether and

48



dried under vacuum [5]. Yield: 106 mg, 64%, m.p. 212°C, IR (KBr pellet) v(cm™): 3424,

2821, 2366, 2343, 2068, 1869, 1635, 1400, 1291, 1117, 1015, 839, 758, 618, 536, 472.

2.5.3 Synthesis of [RuLsLy(NCS);] (Cs).

B N
N P N + RuCI,(DMSO), + |
N =
HOOC N COOH
(Lo)

2 KSCN| DMF

Scheme 10. Synthesis of [RuL3;Lo(NCS);]

The synthesis of C3; (Scheme 10) was carried out using method similar to the one used
for C4. 2,6-bis-(benzylbenzimidazolyl)pyridine (0.191 g, 0.206 mmol) and

[RuCly(DMSO)4] (0.2g, 0.206 mmol) were placed in 25 mL of DMF under nitrogen and
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refluxed for 4 h. Pyridine-2,6-dicarboxylic acid (0.069 g, 0.206 mmol) was added to the
mixture, after 2 h excess potassium thiocynate was added and refluxed for 8 h. The
reaction mixture was allowed to cool at room temperature, the solvent was removed
under vacuum. The residue was precipitated in diethyl ether, the final product was
filtered under vacuum, rinsed with diethyl ether and dried under vacuum. Yield: 47 mg,
27%, m.p. 210°C, IR (KBr pellet) v(cm™): 3429, 2955, 2819, 2359, 2124, 2067, 1978,

1646, 1510, 1377, 1116, 1019, 618, 538.

50



Synthesis of [RuL4Lo(NCS);] (C4).

/Ej\
Z X
/ "N N NN + RuCl,(DMSO), + |

) . =

HOOC N COOH
(L4) (Lo)

2 KSCN|DMF

- ;

2KCl

Scheme 11. Synthesis of [RuL4Lo(NCS),]

The synthesis of C4 (Scheme 11) was carried out with similar method used for synthesis
of C4 (section 2.5.4). Under nitrogen, 2,6-bis-(pyrazolyl)pyridine (0.087 g, 0.206 mmol)
and [RuCl;(DMSO),] (0.2 g, 0.206 mmol) were dissolved in 25 mL of DMF and refluxed,
the reaction was carried out in the dark under nitrogen. After 4 h pyridine-2,6-
dicarboxylic acid (0.069g, 0.206 mmol) was added to the mixture, then excess

potassium thiocynate was added was added to the mixture and refluxed for 8 h. The
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reaction mixture was cooled at room temperature, the DMF was evaporated under

vacuum. The product was filtered after precipitation with diethyl ether.

Yield: 63.8 mg, 52%, m.p. 235°C, IR (KBr pellet) v(cm™): 3417, 2971, 2971, 2949, 2842,

2368, 2126, 2067, 1869, 1638, 1454, 1397, 1112, 1055, 1016, 619, 477.
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2.5.5 Synthesis of [RuLsLo(NCS).] (Cs).

Z X
7 N7 ONT ONTN + RuCl,(DMSO), + |
- . =

HOOC N COOH

(Ls) CHs (Lo)

2 KSCN| DMF
N

N\

- N

\N NCS
f NCS
/
COOH
(Cs)

Scheme 12. Synthesis of [RuLsLo(NCS);]

The complex, Cs was prepared using similar method for the synthesis of C4 (section
2.5.1). 2,6-bis-(3,5-dimethylzolyl)pyridine (0.11 g, 0.206 mmol) and [RuCIl(DMSO),4] (0.2
g, 0.206 mmol) were added and the mixture was refluxed in 25 mL DMF for 4h.
Pyridine-2,6-dicarboxylic acid (0.069 g, 0.206 mmol) was added to the reaction mixture
then after 2 h excess potassium thiocynate was added and refluxed for 8 h. The

equation for synthesis of Csis shown in Scheme 12. The mixture was cooled at room
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temperature and DMF was evaporated under vacuum. The product was precipitated

with diethyl ether, the brown solid finally was filtered and dried under vacuum. Yield:

57.7mg, 43%, m.p. 230°C, IR (KBr pellet) v(cm™): 3424, 2949, 2839, 2365, 2069, 1870,

1646, 1454, 1398, 1113, 1054, 1020, 619, 539.

2.6 Synthesis of cobalt(ll) complexes

2.6.1 Synthesis of [CoL1Ly(NCS);] (Cs).

X
“ | P H +  CoCl,6H,0
rN
N\ N /

(L4)

X

+ |

Z
HOOC N COOH

(Lo)

2 KSCNlEtOH

AN
H | H
N / > \N
\ N\ /N //
Co
HOOC
/ \NCS + 2kal
SN \cs
Z COOH

Scheme 13. Synthesis of [CoL1Ly(NCS),]
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[CoCly:6H20] (0.2 g, 0.841 mmol) and 2,6-bis-(benzimidazolyl)pyridine (0.262 g, 0.841
mmol) were dissolved in a minimal amount of ethanol. The solution was left to stir at
reflux for 3 h. After 3 h pyridine-2,6-dicarboxylic acid (0.140 g, 0.841 mmol) was added
to the mixture then excess potassium thiocynate (0.327 g, 3.364 mmol) was added after
2 h. The mixture was refluxed for 4 h, after cooling down the reaction medium at room
temperature, ethanol was evaporated under vacuum diethyl ether was added to the
solution to precipitate the compound. The product was then filtered and washed with,
ethanol, and diethyl ether; dried under vacuum [6]. Yield: 0.4g, 74%, m.p. 240°C, IR
(KBr pellet) v(cm™): 3415, 3235, 2839, 2374, 2122, 2067, 1634, 1464, 1398, 1308

1115, 1058, 1017, 618, 540, 473.
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2.6.2 Synthesis of [CoL,Lo(NCS).] (C).

N N/ N + CoCl,"6H,0 + | /
COOH
\ NH NH /
(L2) (Lo)

2 KSCNlEtOH

chi4 N /C4H9
N N

/

Z\

~

Co

HOOGC / \ \es + 2kal
XN

\

NCS

% COOH

(C7)
Scheme 14. Synthesis of [CoL,Ly(NCS);]

The complex, C; was prepared in a similar method as reported for Cg (section 2.6.1)
[CoCly6H20] (0.2 g, 0.841 mmol) and 2,6-bis-(2-butylmidazolyl)pyridine (0.356 g, 0.841
mmol) were dissolved and refluxed for 3 h. After 3 h pyridine-2,6-dicarboxylic acid
(0.140 g, 0.841 mmol) was added and refluxed for 2 h. Excess potassium thiocynate
(0.327 g, 3.364 mmol) was added to and reaction mixture and was also added and

refluxed for 4 h. The equation for the reaction is as shown in Scheme 14. After cooling
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down the reaction medium at room temperature, ethanol removed by rotatory
evaporator, diethyl ether was added to the solution to precipitate the compound. The
product obtained was filtered, washed with ethanol then diethyl ether and dried under
vacuum [6]. Yield: 0.46g, 72%, m.p. 242°C, IR (KBr pellet) v(cm™): 3418, 2839, 2374,

2170, 2068, 1869, 1623, 1427, 1304, 1291, 1102, 1015, 839, 750, 618, 536, 422.

2.6.3 Synthesis of [CoL3Lo(NCS).] (Cs).

| > CoCl.,-6H,0 | N
+ oCl,"0M) +
N N/ N _

HOOC N~ “COOH
I NH_/

(L3) (Lo)

2 KSCNlEtOH

\_N N—/

HOOC
+
/ \ NCS 2Kl

Scheme 15. Synthesis of [CoL3Ly(NCS),]
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The synthesis of Cg (Scheme 15) was carried out using similar method reported for Cg
(section 2.6.1). [CoCl,;6H,0O] (0.2 g, 0.841 mmol) and 2,6-bis-(2-
buytlbenzimidazolyl)pyridine (0.389 g, 0.841 mmol) were added and refluxed for 3 h.
Pyridine-2,6-dicarboxylic acid (0.140 g, 0.841 mmol) was added to the mixture and
refluxed for 2h then excess potassium thiocynate (0.327 g, 3.364 mmol) was added and
refluxed for 4h. The reaction was allowed to cool at room temperature then ethanol was
evaporated under vacuum. The product obtained after precipitation with diethyl ether
was filtered and washed with, ethanol, and diethyl ether; dried under vacuum [6]. Yield:
0.42g, 62%, m.p. 240°C, IR (KBr pellet) v(cm™): 3415, 3235, 2496, 2368, 1622, 1394,

1283, 1075, 917, 776, 733, 619, 541.
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2.6.4 Synthesis of [CoL4Lo(NCS).] (Cs).

| X
Z
C N= N '\\lﬁ +  CoCl;6H,0
/N N\
(La)

B
/
HOOC N COOH

(Lo)

2 KSCN| EtOH

/ + kel

7|
’ NN \NCS
P NCS
COOH
(Co)

Scheme 16. Synthesis of [CoL4Ly(NCS);]

The synthesis of Cg (Scheme 16) was carried using similar method used for Cg (section

2.6.1). [CoCly'6H20] (0.2 g, 0.841 mmol) and 2,6-bis-(pyrazolyl)pyridine (0.178 g, 0.841

mmol) were dissolved and refluxed. After 3 h pyridine-2,6-dicarboxylic acid (0.140 g,

0.841 mmol) was added to the mixture and refluxed for 2h. Excess potassium

thiocynate (0.327 g, 3.364 mmol) was added and refluxed for 4 h. The reaction mixture

was cooled and methanol was removed under vacuum. The obtained after precipitation

with diethyl ether was filtered and dried [6]. Yield:

0.27g, 58%, m.p. 250°C, IR (KBr
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pellet) v(cm™): 3409, 3244, 2340, 2043, 1624, 1447, 1396, 1109, 984, 838, 737, 622,

455.

2.6.5 Synthesis of [CoLsLy(NCS);] (C1o).

H4C | N CHj
= X
7N ONT NN +  CoCl;6H,0 /Ej\
_—
—N N= HOOC N COOH
Hj (Ls) CHj (Lo)
2 KSCN| EtOH
S QPS
HiC - §O0 CO/ CHs 4+ ke
SN ‘ NCS
NCS
COOH
(C10)

Scheme 17. Synthesis of [CoLsLo(NCS);]

The synthesis of C49 (Scheme 17) was prepared in a similar method reported for Cg
(section 2.6.1). [CoCl,6H,0] (0.2 g, 0.841 mmol) and 2,6-bis-(benzimidazolyl)pyridine
(0.225 g, 0.841 mmol) were dissolved in a minimal amount of ethanol and refluxed for
3h. Then pyridine-2,6-dicarboxylic acid (0.140 g, 0.841 mmol) was added to the mixture

then excess potassium thiocynate (0.327 g, 3.364 mmol) was added after 2 h. The
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mixture was refluxed for 4 h, after cooling down the reaction mixture at room
temperature. Ethanol was evaporated under vacuum, the obtained product after
precipitation with diethyl ether was filtered and dried under vacuum [6]. Yield: 0.31g,
61%, m.p. 249°C, IR (KBr pellet) v(cm™): 3490, 2949, 2839, 2365, 2067, 1870, 1622,

1433, 1397, 1236, 1112, 1020, 619, 533.
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CHAPTER 3

3.0 SPECTROSCOPIC CHARACTERIZATION OF THE LIGANDS AND COMPLEXES.

3.1 Introduction

Tridentate ligands such as bis-(imino)pyridine and bis-(pyrazolyl)pyridine are known as
redox-active ligands and also called redox non-innocent ligands. These ligands have
the ability to allow redox reactions at the metal center and change their oxidation states
due to their energetically accessible levels of frontier orbitals [1, 2]. The redox non-
innocence of the bis-(imino)pyridine-based ligand in metal complexes, formulated as an
intermediate spin metal center with a doubly reduced bis-(imino)pyridine dianion, is

shown in Scheme 18 [3].

B B B
U < U <l .
R/ \R R/ | \R R/ , \R
Ci Cl Cl Ly

Scheme 18. Redox non-innocence of the bis-(imino)pyridine ligand (R = Me, Ph and M=

Co, Ru) [4].

Ruthenium, tridentate nitrogen donor ligands based on the pyrazolylpyridine moieties
have a C-N inter-ring bond [5, 6] and the stability of the metal complex containing 2,6-
bis-(pyrazolyl)pyridine is due to the back-bonding of m*-orbitals in the pyridine ring. In
2,6-bis-(pyrazolyl)pyridine based ligands for example; pyridine ring is a good 1T-acceptor

because it has insufficient Tr-electrons while pyrazole is a m-donor because it has
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excess Tr-electrons [7, 8]. The ligands of tridentate polyamine donor ligands have the

ability to bind the metal center with two nitrogen donor atoms [9].

3.2 Synthesis of Co(ll) and Ru(ll) complexes

The Co(ll) and Ru(ll) complexes of bis-(imino)pyridine and bis-(pyrazolyl)pyridine
ligands were prepared by addition of corresponding metal chloride in aqueous solution
to the tridentate ligand in DMF or methanol in a 1:1 stoichiometric ratio [10]. The

proposed structures are shown in Figures 12 and 13.

X R
R1\ | /1
N > N
\ N
\M/
HOOC
///\\\NCS
| SN Nes
> cooH

Figure 12. Proposed structure of complexes with bis-(imino)pyridine ligands. (M= Ru or

Co and Ry = H, C4Hg or Bz)
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7/ N NZ" NN
Q Q
AN P
B /‘ \NCS

~N NCS

\ ./ ~COOH

Figure 13. Proposed structure of complexes with bis-(pyrazolyl)pyridine ligands. (M =

Ru or Co, R, =H and R; = CH3)

3.3 Solubility test
The solubility of ligands and complexes in different solvents is presented in Table 2. The
ligands and complexes are substantially soluble in both water and DMSO but their

solubility greatly varied in all other solvents.
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Table 2. Solubility test for ligands and complexes

H,O | MeOH | EtOH | CHCI; | CH.CI, | THF | Hexane | Toluene | DMF | DMSO
L4 v v v | X X X X X v v
L, v v v v X X X X v v
L; v v v v X X X X v v
Ly v v v X X X X X v 4
Ls 4 4 v | X X X X X v v
C1 voX X X X X X X v v
C2 v X X X X X X X v v
Cs v X X X X X X X v v
C4 v X X X X X X X v v
Cs v X X X X X X X v v
Cs v v v X X X X X X v
C; v v v X X X X X X v
Cs v v v X X X X X X v
Co v v v X X X X X X v
Cio v v v X X X X X X v

Key: x — Insoluble

v" - Soluble
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3.4 Conductivity measurements

All the ligands and complexes were dissolved in water to measure their molar
conductance. The results are as presented in Table 3, the values of molar conductivity
of ligands and complexes fall in the range of 0.1-28.5 pScm?mol. This shows that they

are non-electrolyte in solution, and thus support the formulation of the complexes.

Table 3. Molar conductance of ligands and complexes.

Component Conductivity (WScm?/mol)
L 7.63
L. 26.2
Ls 28.5
L4 11.28
Ls 22.7
Ci 4.48
C2 4.77
Cs 7.40
Cs 7.47
Cs 3.82
Cs 0.1
Cs 9.49
Cs 1.70
Co 8.07
C1o 6.19
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3.5 The FTIR spectra studies

The FTIR spectra of the ligands and their corresponding complexes were compared and

assigned in comparison with relevant literatures. Relevant IR data are presented in

Table 4.

Table 4. Relevant FTIR data of ligands and complexes

2(OH) [ »(N-H) | »(N=C= | »(C=0) | »(C=C) | »(C=N) | »(C-0) | v(C-N) | »(M-N)
cm? |ecm? |[S)em? | cm cm”’ cm”’ cm”’ cm”? | cm™

L4 - 3205 - - 1542 1425 - 1206 -

L, - 3235 - - 1622 1542 - 1091 -

L; - 3237 - - 1623 1570 - 1069 -

L4 - 3365 - - 1666 1580 - 1048 -

Ls - 3410 - - 1608 1543 - 1161 -

Ci | 3409 |3244 2084 1620 1600 1400 1397 1109 622
C, |3424 |- 2068 1641 1598 1459 1400 1117 618
Cs | 3429 |- 2069 1646 1599 1510 1397 1116 618
Cys | 3417 |- 2067 1638 1547 1454 1397 1121 619
Cs |3424 |- 2069 1646 1577 1457 1398 1113 619
Ce¢ | 3415 | 3235 2122 1634 1560 1464 1398 1075 540
C; |3418 |- 2170 1623 1597 1427 1304 1102 442
Cs |3414 |- 2368 1622 1555 1394 1283 1075 541
Co |[3409 |- 2034 1624 1609 1497 1396 1109 455
Cio | 3490 |- 2070 1622 1540 1433 1397 1112 533
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3.6 Infrared spectra of 2,6-bis-(imino)pyridine ligands, Ru(ll) and Co(ll) complexes.
3.6.1 Infrared spectra of 2,6-bis-(imino)pyridine ligands

The infrared spectra of the L4, Lz and L3 in figure 14, exhibits medium bands (Table 4)
due to v(N-H) stretching vibration at 3205 cm™ for Lq, 3235 cm™ for L, and 3237 cm”
for Ls. The presence of a weak vibration in Lz spectrum at 3105 cm™ is due to v(C-H)
asymmetric stretching vibration, confirms the presence of butyl group. The strong
absorption band at 2922 and 2858 cm™ in the spectra of Ly and L; is due to v(C-H)
symmetric and asymmetric stretching vibrations. The weak absorption bands between
1542 and 1623 cm™ in the spectra of intra-ligands is due to v(C=C) stretching
vibrations. The C=N strong stretching vibrations was observed as prominent band at

1462, 1542 and 1570 cm' for Ly, L and L; respectively.

45
40
35

30

25 L3
§
'_
20 L1
15 L2
10
5
0
3870 3370 2870 2370 1870 1370 870 370

Wavelength (cm™)

Figure 14. FTIR spectra of bis-(imino)pyridine ligands (L4, L and L3)
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3.6.2 Infrared spectra of Ru(ll) and Co(ll) complexes of 2,6-bis-(imino)pyridine

ligands.

In Figure 15a and 15b, strong and broad vibrational bands (Table 4) were observed
between 3429 and 3209 cm™ due to v(O-H) bending vibrations. This is due to O-H
presence in 2,6-pyridinecarboxylic acid (Lg) containing carboxylic group introduced
during complexation of ruthenium(ll) metal ion [6]. The v(N-H) stretching vibrations band
in C4 and Cg spectrum was observed at 3244 and 3235 cm™ shifted to higher frequency.

The redshift is due to uncoordinated NH group of benzimidazole [7].

The vibrational bands around 2100 cm™ are due to v(N=C=S) stretching vibrations of
the thiocynate moiety. The v(N=C=S) vibrations for cobalt complex were observed at
higher wavelength relative to ruthenium complexes (Ce, C7, Cg), and the peaks were not
prominent as it was reported in literature [10]. The presence of medium vibrational
band between 1646 and 1620 cm™ ascribe to the V(C=0) asymmetric stretching
vibrations. This is evident that carboxylic group of pyridine-2,6-dicarboxylic acid (L)
undergoes deprotonation [10], similar observation were obtained in literature [10,5].
The weak absorption band around 1600 cm™ in the spectra of complexes is due to
v(C=C) stretching vibrations. The v(C=N) stretching vibrations between 1510 and 1400
cm™” on the spectra of the complexes are observed to shift to lower frequency compared
to the free ligands, blue-shift is due to the coordination of the amine to metal ion [12].

The presence of v(C-O) vibration between 1291 and 1113 cm™ is due to carbonyl group
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of pyridine-2,6-dicarboxylic acid (Lo). The C-N stretching bands of the complexes were

observed to shift to the higher frequency region.

Some of the weak vibrational bands due to N-H stretching vibration disappear in the
finger print region in the metal complexes except for that of C4 and Cg because contains
a secondary amine that is not directly bonded to the metal ions [11]. The presence of
new medium vibrational bands between 618 and 622 cm™ assigned to Ru-N bond for
Ru(ll) complexes [11], and for Co(ll) around 540 cm™confirms covalent bond formation

between the metal center and the N atoms of the ligands [11].

T (%)

10

38/0 3370 28/0 2370 1870 13/0 870 370

Wavelength (nm)

Figure 15a. FTIR spectra of Ru(ll) and Co(ll) complexes of bis-(imino)pyridine ligands

(C1, Cz and C3)
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Figure 15b. FTIR spectra of Ru(ll) and Co(ll) complexes of bis-(imino)pyridine ligands

(Ce, C7 and Cs,)

3.7 Infrared spectra of 2,6-bis-(pyrazolyl)pyridine ligands, Ru(ll) and Co(ll)

complexes.
3.7.1 FTIR spectroscopy of 2,6-bis-(pyrazolyl)pyridine ligands

The infrared spectra of Ly and Ls (Figure 16) showed weak absorption band (Table 4)

due to v(N-H) stretching vibration at 3365 and 3410 cm™ respectively. The two ligands
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exhibit medium vibrational bands at 2976 and 2981 cm™ for L4 and Ls respectively due
to v(C-H) stretching vibrations. A new weak band appeared at 2903 cm™' due to v(C-H)
stretching vibrations for the methyl group. The strong bands at 1646 and 1638 cm™ are
assigned to the v(C=N) stretching vibrations. The spectra of L4 and Ls appeared to be

very similar but differ in intensity, this is because they difference in molar mass [12].
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Figure 16. FTIR spectra of bis-(pyrazolyl)pyridine ligands (L4 and Ls)

3.7.2 FTIR spectroscopy of Ru(ll) and Co(ll) complexes of 2,6-bis-

(pyrazolyl)pyridine ligands.

The broad vibrational bands (Table 4) observed between 3490 and 3409 cm™ assigned

for v(O-H) bending vibrations are due to O-H present in Ly containing carboxylic group
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introduced during complexation of ruthenium(ll) metal ion as shown in Figure 17. The
strong vibrational bands observed between 2034 to 2070 cm™, corresponding to
v(N=C=S) stretching vibrations of thiocynate moiety. The presence of medium band
between 1638 and 1646 cm™ assigned to v(C=0) asymmetric stretching vibrations is
due to deprotonated carboxylate of Lo [10]. The weak band observed between 1540 and
1666 cm™ assigned for v(C=C) vibration. The v(C=N) stretching vibrational bands
observed between 1454 and 1329 cm™. The v(C=N) and v(C-N) stretching vibrational
bands of the complexes are observed at lower frequency compared to the free ligands,
attributed to coordination metal ion and N atom present in pyrazole [12].The C=N band
for Ly was observed at lower frequency compared to the complex with the same ligand
in the literature [12] where it was observed at 1481 cm™ in a metal complex. The
presence of v(C-0) vibrations is due to carbonyl group of pryridine-2,6-dicarboxylic acid
(Lo). The spectra of C4 and Cs show similar stretching vibrations but at different intensity
because of their molar weight are different [10]. The presence of new medium
vibrational bands at 619 cm™ for both C4 and Cs assigned for v(Ru-N) vibration,
confirms covalent bonding of Ru-N [13], Co and C1o around 455 cm™ assigned for v(Co-

N) confirms covalent bonding [11].
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Figure 17. FTIR spectra of Ru(ll) and Co(ll) complexes of bis-(pyrazolyl)pyridine

ligands (Cs4, Cs, Co and Cqo)

3.8 NMR spectroscopic studies of ligands and complexes.
3.8.1 NMR spectroscopic studies of bis-(imino)pyridine ligands

The "H-NMR and "®*C-NMR for L4-L3 could not be recorded due to poor solubility of the

ligands in all deuterated solvents.
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3.8.2 NMR spectroscopy of bis-(pyrazolyl)pyridine ligands
3.8.2.1 NMR spectroscopic studies of 2,6-bis-(pyrazolyl)pyridine.

The "H NMR ®C NMR were performed to establish the formation of the ligands, L4 in
deuterated water (D20O) show five signals at § 8.4 (2H, d, Pyr), 8.1 (1H, t, Py), 7.9 (2H,
d, Py), 7.8 (2H, d, Py) and 6.4 (2H, t, Pyr) as shown in Figure 18. The spectra showed
one set of signal for the pyrazole rings indicating that they are equivalent. The number
of peaks observed are similar to the "H-NMR obtained in literature [12] for the same
ligand, but the peak position are slightly different. The ™*C-NMR spectra for L4 showed
all expected six peaks and this confirms that the desired ligand was synthesized as

shown in Figure 19. The peaks observed were similar to "H-NMR.
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Figure 18. 'H-NMR spectrum of 2,6-bis-(pyrazolyl)pyridine ligands (L4)
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Figure 19. ">*C-NMR spectrum of bis-(pyrazolyl)pyridine ligands (L4)

3.8.2.2 NMR spectroscopic studies of bis-(3,5-dimethylpyrazolyl)pyridine ligand.

The "H-NMR spectra for Ls in figure 20, was similar to the spectra for L4 but Ls contains
additional peaks assigned to methyl groups. The spectra of Lsin DO solution showed
four peaks at § 8.4 (1H, t, Py), 8.2 (2H, d, Py). In comparison with the spectrum of L,
the pyrazole ring show three peaks a triple and two doublet while in Ls one peak was
expected at the aromatic region around 6 ppm, the singlet at that region and the peaks

at upfield assigned to CH3z were not obtained which may be due to poor solubility that
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make resolving the spectrum difficult. ">*C-NMR for Ls could not be recorded due to poor

solubility in solvents.
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Figure 20. "H-NMR spectrum of bis-(3,5-dimethylpyrazolyl)pyridine ligands (Ls)

3.8.3 NMR spectroscopy of Ru(ll) complexes.
3.8.3.1 NMR spectroscopic studies for Ru(ll) of bis-(imino)pyridine ligands.

The 'H NMR and *C NMR of the complexes were observed in D,O solution. The
'H-NMR spectrum of C4 D,O solution presented in Figure 21, shows four signals at
5 8.57 (2H, s, Pdca), 8.38 (1H, s, Py), 8.10 (1H, s, Py) and 7.93 (4H, m, Py). The
spectrum showed one set of signal for the benzimidazole rings indicating that are
equivalent [14]. Three peaks observed for 2,6-bis-(benzimidazolyl)pyridine are similar to

the "H-NMR of the same ligand reported in literature [15, 13] for benzimidazole, but the
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peak position are slightly different but from the expected peak around & 13 ppm
assigned for N-H singlet and peak around § 7.30 ppm assigned for Ph-H (4H) multiplet
were not observed. The peaks observed at upfield are due to traces of diethyl ether
which was used to wash the product. . The "*C-NMR spectra for C4 showed all the

expected 14 peaks and this confirms that the desired ligand was synthesized as shown

in Figure 22.
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Figure 21."H-NMR spectrum for Ru(ll) complex of bis-(benzimidazolyl)pyridine ligands

(C1)
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Figure 22. "*C-NMR spectrum for Ru(ll) complex of bis-(benzimidazolyl)pyridine ligand

(C1)

The "H-NMR spectrum for C, was similar to the spectrum for C4 but C, contains
additional peaks that are assigned to butyl groups. The spectrum of C; in D,O solution
showed 10 peaks at § 8.57 (2H, d, Pdca), 8.39 (1H, s, Py), 8.10 (1H, s, Py), 7.94 (4H,
m, Py), 3.25-2.87 (18H, s, butyl) and 3.02-2.75 (18H, s, butyl) as shown in Figure 23.
The expected peak around § 9.00 ppm assigned for 2H, t, Pdca and peak around § 7.30

ppm assigned for Ph-H (4H) multiplet were not observed. The "*C-NMR spectrum for C,
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showed all expected peaks represented in Figure 24 and this confirms that the desired

complex was synthesized.
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Figure 23. "H-NMR spectrum of Ru(ll) complex of 2,6-bis-(butylbenzimidazolyl)pyridine

ligand (C2)
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Figure 24. C-NMR spectrum of Ru(ll) of bis-( butylbenzamidazolyl)pyridine ligands
(C2)

The "H-NMR and ™C-NMR for Cs could not be recorded due to poor solubility of the

complexes.

3.8.3.2 NMR spectroscopic studies of Ru(ll) complexes of bis-(pyrazolyl)pyridine.

The "H-NMR and "™C-NMR for C4 and Cs could not be recorded due to poor solubility of

the complexes in all deuterated solvents.
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3.8.4 NMR spectroscopic studies of Cobalt(ll) complexes.

The "H-NMR and "*C-NMR for cobalt(ll) complexes could not be recorded due to poor

solubility of the complex.
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CHAPTER 4

4.0 PHOTOELECTROCHEMISTRY OF THE METAL COMPLEXES AND THEIR

EVALUATION AS SENSITIZERS FOR DSSCS.

4.1 Introduction

Metal complexes containing polypyridine ligands complexes have attracted significant
interest in recent years in the study of molecular electronics [1], photochemical
conversion of solar energy [2] and photoluminescence biosensor [3] due to their
remarkable photophysical and electrochemical properties [4]. In the study of
photochemical solar energy conversions systems using metal complexes as dyes for
light harvesting, the solar cells use photo generated charge transfer states on the metal

complex to inject electrons into the band gap of a semiconductor such as TiO; [5].

In order for the metal complexes to be effective light-harvesting materials, the
compounds should possess electronic properties such as low energy metal-to-ligand
charge transfer (MLCT) transitions [6]. In sensitizers based on coordination compounds
photon emission usually exhibits a singlet metal-to-ligand charge transfer states [7].
MLCT is also capable of charge injection to conduction band of the semiconductor and
triplet MLCT state can occur; however this process causes a decrease in emission and
the excited state undergoes deactivation through both non-radiative and radiative decay

pathways with an emission quantum yield [8].

The fastest injection times are observed for dyes with suitable anchoring groups, such

as carboxylic and phosphonic moieties [9]. The carboxylic groups are used for
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anchoring the metal complex to the surface of the semiconductor and ultimately
improves electronic coupling between the 1* orbital of the ligand, which is the lowest
LUMO of the complex [10]. A strong electron-withdrawing group can be attached onto
carboxylate group to control the oxidation potential in electrochemical studies [11]. The
rate and nature of a polypyridine complexes is coupled to the electron transfer step. The
electrochemistry of polypyridine metal complex can be useful in the selection of the
proper oxidizing agent to oxidize the dye sensitizer to an intermediate oxidation state

[12].

In this chapter, photophysical properties of 10 nitrogen chelating ligands containing five
ruthenium(ll) and cobalt(ll) complexes were evaluated by electronic absorption
spectroscopy and emission spectroscopy in solution. The redox potential of these
complexes was obtained from cyclic voltammetry. The 8 sensitizers consists of 4
ruthenium(ll), 3 cobalt(ll) complexes and N719 were fabricated. TiO, electrode was
used as a semiconductor and their photovoltaic performance was measured by solar

stimulator.

4.2 UV-Vis absorption studies of synthesized ligands and complexes.

Table 5 shows the electronic absorption bands for the ligands in DMSO solution. The
electronic spectra (Figure 23-27) of the ligands in DMSO show one prominent band
which is assigned to the 1T-11* transitions (near UV region) [13]. The electronic spectra of

complexes in DMSO exhibits band assigned to MLCT (Metal to Ligand Charge
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Transfer) transitions and d-d transitions [14]. In the electronic spectra of the complexes

d-d transitions are observed at lower intensity than the MLCT [15]. In the visible region

of ruthenium(ll) complexes two bands are observed as shown in Table 6, these bands

are assigned to “Tyy— ?Tog and “T14(F) - *T4(P) transitions of an octahedral complex

[16]. In the electronic spectra of cobalt(ll) complexes, two bands of weak intensity are

observed in the visible region as shown in Table 6. These bands are assigned to

*T14(F) = *To4(F) and *T14(F) — “T4(P) of an octahedral Co(ll) complexes [16].

Table 5. UV-Vis absorption bands for ligands

Ligands T-1* (M)
L4 314, 355
L, 236

L; 239

L4 240

Ls 238

Table 6. UV-Vis absorption bands for cobalt(ll) complexes.

Complexes | MLCT Tog(F) = “Tog(P) | *T1g(F) = *Tog(F) | *T1g(F) = *Tog(F)
(nm) (nm) (nm) (nm)

c1 268, 338 446 578 -

C2 277, 365 632 720 -

C3 269, 338 588 588 -

c4 274, 368 577 577 -
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C5 266, 343 437 437 -

C6 257,375 470 - 552-638
C7 266, 361 - - -

C8 257, 306 435 - 526

Cc9 259, 306 443 - 694
C10 269, 365 568 - 657

4.2.1 UV-Vis spectroscopy of metal complexes of bis-(benzimidazolyl)pyridine (L)

In the spectrum of L, presented in Figure 25, two intense bands are observed at 313
nm and 343 nm assigned to - T* transitions of the intra-ligand transitions, similar
observations were reported in literature [17]. The complexes showed intense absorption
in the UV region with two bands at 268 and 338 nm for C4 and at 265 and 358 nm for Cg
assigned to MLCT transitions due to dmm(M) to m(ligand) [17]. In the electronic spectrum
of C4, two bands at lower intensity are observed at 446 nm and assigned to *Tag — T,
and 580 nm assigned to 4T1g,(F)—>"'T1(P) to transitions in an octahedral complex [18].
The spectrum of Cg showed two bands at 447 nm assigned to 4T19(F) - *T4(P) and a
multiple band between 552 and 638 assigned to 4T19(F)—> 4ng(P) transitions, these

bands confirm that the geometry around the metal Co®" ion is octahedral [16].
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Figure 25. UV-Vis spectra of L4 and its Ru(ll) (C4) and Co(ll) (C¢) complexes.

4.2.2 UV-Vis spectroscopy of metal complexes of bis-

(butylbenzimidazolyl)pyridine (L)

The electronic spectrum of L, (Figure 26), shows a band in the UV region at 236 nm
assigned to - Tm* transitions. In the electronic spectra of the complexes, these bands
were observed as two intense bands at 277 and 365 nm for C; and at 266 and 361 nm
for C; assigned to MLCT transitions. The spectrum of ruthenium(ll) complex, C, was
observed to show two bands at 632 and 720 nm assigned to “T— 2T,y and
4T1g(F)—>4T1(P) respectively transitions of an octahedral Ru(ll) complex [19]. The

electronic spectrum of C; does not show any observable d-d transition the reason for
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this could be the reaction was stopped before the ligands were coordinated to the metal

ion was complete or the complex is soluble in the solvent that was used for synthesis.
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Figure 26. UV-Vis spectra of L, and its Ru(ll) (Cz) and Co(ll) (C7) complexes.

4.2.3 UV-Vis spectroscopy of metal complexes of

bis-(benzylbenzimidazolyl)pyridine (L3)

Figure 27 shows the electronic spectra of L3 and its corresponding metal complexes. In
the spectrum of L3 intense band is observed at 239 nm assigned to - * transitions in
the UV region. The complexes showed two bands in the UV region at 269 and 338 nm
for C3 and at 257 and 306 nm for Cg assigned to MLCT. In the electronic spectrum of

C3;, a broad band with hyperfine splitting at lower intensity is observed in the range 452-
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588 nm assigned to “Tyy— ?Toy and *Ti4(F) - *T4(P) transitions [19]. The electronic
spectrum of Cg showed two bands at 435nm assigned to 4T1g(F) - *T4(P) and 526 nm
assigned for 4T1g(F) - 4ng(P), the bands in the visible region confirms the structure of

Co(ll) complex to be octahedral [18].
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Figure 27. UV-Vis spectra of L3 and its Ru(ll) (C3) and Co(ll) (Cs) complexes.

4.2.4 UV-Vis spectroscopy of metal complexes of bis-(pyrazolyl)pyridine (L)

The electronic spectrum of Ly shown in Figure 28, with intense bands at 240 nm
assigned to - T1* transitions in the UV region. The complexes show two bands in the
UV region at 259 and 306 nm for C4 and at 257 and 306 nm for Cg assigned to MLCT.
In the electronic spectrum of C4, a broad band is observed at 588 nm assigned to 4T29 -

2ng transition [15,16]. The electronic spectrum of C9 showed two bands at 443 nm
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assigned to “T14(F) - *T1(P) and 694 nm assigned for “T14(F) - *To4(P) transitions, the

electronic spectrum of Co(ll) complex confirms the compound to be octahedral [18].
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Figure 28. UV-Vis spectra of L4 and its Ru(ll) (C4) and Co(ll) (Ce) complexes.

4.2.5 UV-Vis spectroscopy of metal complexes of bis-(3,5-

dimethylpyrazolyl)pyridine (Ls).

In Figure 29, the electronic spectrum of Ls show a band at 238 nm assigned to m-*
transitions in the UV region. Each of the complexes showed two bands in this region at
269 and 338 nm for Cs and at 257 and 306 nm for C4o assigned to MLCT. In the UV

region the complexes were observed at lower intensity and at higher frequency when
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compared to the ligands. The electronic spectrum of Cs shows two bands at 437 nm

assigned to T,y — °Tyy and 575 nm assigned to *T14(F) - *T4(P) transitions [21]. The

electronic spectrum of C4o also shows two bands at 568 nm assigned to 4T1g(F)—>

*T4(P) and 657 nm assigned for *T14(F) - “T2o(P) [18].
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Figure 29. UV-Vis spectra of Ls and its Ru(ll) (Cs) and Co(ll) (C1¢) complexes

4.3 Emission spectroscopy of the complexes.

The emission spectra measurements of Ru(ll) and Co(ll) complexes recorded in DMSO

solutions were carried out in order to determine the emission properties of cobalt(ll) and
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ruthenium(ll) complexes in a range of 200-900 nm. The complexes show photo
excitation above 400 nm similar to those reported by Chen et al.[21]. The emission of
ruthenium(ll) complexes were observed to have a common broad emission bands
above 400 nm with different emission intensities due to electronic transition from the

ground state to the excited state of the metal ions [22)].

4.3.1 Emission spectroscopy of Ru(ll) complexes

The emission of ruthenium(ll) complexes were observed to have a broad emission band
at 703, 703, 705,703 and 704 for C4, C2, C3, C4 and Cs respectively. C4 relative to C,
and Cj3 red-shifted by 1nm, the red-shift emission is due to the stability of SMLCT state
by the 1T-conjugation of L3 [23]. While in Cs blue-shifted by 2nm compared to C4, the
blue-shift is ascribed to lowering of intraligand charge transfer originated from the
LUMO [23, 24] due to electron donating group present in intraligand of Cs [25]. The
emission intensity showed gradual increase with decrease in the molar weight of the
complexes of bis-(imino)pyridine in the order C41>C,>C3; while in the complexes of bis-
(pyrazolyl)pyridine increase in emission intensity was observed with increase in molar
weight of the complexes in the order C5>C4 as shown in Figure 30. The emission of C3
is observed at lower intensity compared to C4 and C; this is due to while the intensity of
C4 is low compared to Cs is due to molecular weight [26]. The emission for complexes of
bis-(pyrazoly)pyridine is observed at low intensity compared those of bis-
(imino)pyridine, this is due low ligand field excitation state ligands [30]. All the

complexes were observed to show a broad emission ascribed to *MLCT emission [24]
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Figure 30. Emission spectra of Ru(ll) complexes (C4, C2, C3, C4 and Cs)

4.3.2 Photoluminesce (PL) spectroscopy of Co(ll) complexes

The photoluminescence emission spectra of cobalt(ll) complexes in DMSO solution
were shown in Figure 31. The complexes were observed to exhibit strong photo
emission maxima, Cg, C7, Cg, Co and C4o were observed to show excitation at 705, 664,
708, 704 and 705 nm respectively. The complex, C7 relative to C¢ and Cg blue-shifted
by 41 nm relative to Cg the blue-shift emission is due to the introduction of alkyl groups
[31]. In the electronic absorption of C; d-d transition was not observed therefore C; has
high m* orbital energy hence the lower emission is obtained compared to C¢ and Cg
[32]. While Cg red-shifted by 3nm, the 1r-conjugated substituent present on L3 enhanced

the electronic stabilization of the *MLCT excitation state of the complex [31, 33]. The
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complex, Cqo relative to Co experience a red-shift by 1nm, the red-shift is due to the
alkly substituent on pyrazole that enhanced the Tr-accepting properties of pyrazole and

caused increase in HOMO-LUMO [34].
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Figure 31. Emission spectra of Co(ll) complexes (C4, C2, C3, C4 and Cs)
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4.4 Electrochemistry of metal complexes.
4.4.1 Electrochemistry of ruthenium(ll) complexes.
4.4.1.1 Electrochemistry of ruthenium(ll) complexes of bis-(imino)pyridine.

The cyclic voltammogram of ruthenium(ll) complexes (Figures 32-34) show the
Ru(Il)/Ru(lll) redox couple at positive and negative potentials. The oxidation peaks were
not visible in the cyclic voltammogram of C4, C2 and Cs. At the cathodic potential,
irreversible peak was observed at —1.01 V. The high negative potential is due to
reduction of ligands [35]. While the complexes containing derivatives of bis-
(imino)pyridine showed irreversible reduction peak at -1.00 and -0.99 V for C; an C;
respectively. The reduction potential ascribed to the presence of a protection group on
the N-atoms of the benzimidazole ring [36]. The high values observed for reduction

potential is ascribed to reduction of ligand [37].
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Figure 32. Cyclic voltammetry of C4
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Figure 34. Cyclic voltammetry of C;
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4.4.1.2 Electrochemistry of ruthenium(ll) complexes of bis-(pyrazoly)pyridine

Irreversible oxidation peak in the cyclic voltammogram of C4 and Cs was observed at
0.23V and 0.24V respectively as shown in Figures 35 and 36. The low oxidation
potentials for the complexes attribute to o-donor ligand that stabilize the oxidized Ru(ll)
metal ion [38]. At the anodic potential irreversible reduction peaks were observed at —
1.01 V for both C4 and Cs. The negative irreversible peak for both C4 and Cs may be
assigned to the contribution of ligands containing pyrazole ring [38, 39]. The irreversible

process involved is reduction of ligand [39].
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Figure 35. Cyclic voltammetry of C4
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Figure 36. Cyclic voltammetry of Cs

4.4.2 Electrochemistry of cobalt(ll) complexes
4.4.2.1 Electrochemistry of cobalt(ll) complexes of bis-(imino)pyridine.

Cyclic voltammogram of cobalt(ll) complexes show the Co(ll)/Co(lll) redox couple at
oxidation and reduction potentials. In the cyclic voltammogram of Cg¢ shown in Figure
33, irreversible oxidation peak was observed at -0.42 V ascribed to oxidation of electron
withdrawing group from uncoordinated NH group of benzimidazole [40], while the
reversible oxidation for C; and Cg (Figures 37 and 39) was observed at -0.38 and -0.29

respectively attribute to the oxidation of ligand. The irreversible oxidation peaks
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observed at +0.55, +0.12V for Cs, +0.58, 0.10V for C7 and +0.83, +0.17 for Cg, the more
positive oxidation potentials attribute to .The positive reduction peaks observed at 0.46,
+0.46 and +0.48V for Cg, C; and C8 respectively, the potentials are assigned to
assigned ancillary group that result in reduction of the cobalt(ll) metal ion [41]. The
negative potential at -0.48 is due to the ligand-based reduction [35]. The high reduction
potentials observed at -1.11, -1.09 and -1.02 V for Cg, C7 and Cg assigned to the
reduction of the metal due to electron transfer to the m-LUMO of the anchoring ligand
(2,6-pyridinedicarboxylic acid) resulting in coordination of the metal ion and the

anchoring ligand [42].
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Figure 37. Cyclic voltammetry of Cg
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Figure 38. Cyclic voltammetry of C;
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Figure 39. Cyclic voltammetry of Cg

4.4.2.2 Electrochemistry of cobalt(ll) complexes of bis-(pyrazolyl)pyridine.

In the cyclic voltammogram of Cg9 and C4o (Figures 40 and 41) irreversible oxidation
peaks were found at 0.41 and 0.77 V respectively, the increase in potential of C4¢ is due
to electron withdrawing group (-CH3) present on the pyrazole causing the insufficient
electrons in the ligand [42]. The reversible potentials were observed at -1.20 V for Cg
and -0.41, -120 V for C4o. The high reversible peak ascribed to the oxidation of the
metal [22], in all metal-based oxidation reversible oxidation is experienced [43]. At the

negative reduction peaks were observed at -1.11V for Cg and 0.48,-1.03V for C10. The
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high reduction potentials is due to the presence of a pyrazole ring [22, 44] causing the
reduction to take place in the metal ion [41]. The positive reduction observed in the
voltammogram of Cq¢ is related to the red-shift observed in the visible region of Cqq

spectrum (Figure 33), it can also be ascribed to the ancillary ligand (thiocynate) [41].
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Figure 40. Cyclic voltammetry of Co

106



1.00E-05

5.00E-06

0.00E+00

Current/A

-5.00E-06
-1.00E-05

-1.50E-05
-2 -1.5 -1 -0.5 0 0.5 1 1.5

Potential/V

Figure 41. Cyclic voltammetry of C4

4.5 Solar cell fabrication and current-voltage characterization of N719, and some

synthesized Ru(ll) and Co(ll) complexes.

The |-V characterization of the cells was performed using semiconductor parameter
analyzer. The results of the cells are obtained from the |-V curves were used to
determine the conversion efficiency of the DSSC of N719, ruthenium(ll) and cobalt(ll)

complexes, where the solar cell efficiency using the following equation [46]:

_]sc X Voc X FF
B P

n

Pmax

FF =
JscVoc
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_ Isc
Jsc = I

Where n is the conversion efficiency, Jsc is the short circuit current, FF is the fill factor
and P is the incident light which equals to 0.08 W for N719, C4, C,, C4 and equals to

0.04 W for Cs and Cg-C1o.

Photographic picture of fabricated solar cells using some ruthenium(ll), cobalt(ll) and

N719 is presented in Figure 42.

Figure 42. Photographic picture of fabricated solar cells.
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4.5.1 Current-voltage characterization of N719 dye.

The results of the dye-sensitized solar cell obtained from I-V curve of N719 shown in
Figure 39 were used to determine the efficiency of the cell. The efficiency obtained was

8.85% which was similar to that reported literature [46] where N719 was used in dye-

sensitized solar cell.

0.0025

n= 8.85%
0.002
FF=0.494
Voc=0.717V
0.0015 I — A OCmn A L2
<
>
c
g
5
(&)
0.001
0.0005
0
0.28 0.38 0.48 0.58 0.68 0.78
Potential/V

Figure 43. |-V curve of N719 dye-sensitized solar cell using I'3/I" electrolyte

4.5.2 Current-voltage characterization of ruthenium(ll) complexes.

The solar conversion efficiencies of the ruthenium dyes, C4, C2, C4 and Cs presented in
Table 8, were obtained from the I-V curves shown in Figures 44-47. Complex, C3 was

not characterized because of its low yield. The efficiencies of the ruthenium complexes
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were very low compared to the N719, dye which was used as the standard dye in solar
cell characterization. Complexes that consist of bis-(pyrazolyl)pyridine, Cs, showed the

highest efficiency (1. 01x10 %).

Table 7 I-V characterization of ruthenium complexes

Complex Jso/ MAcm™ | Voo/ mV Pmax FF (n)
Cs 0.191 5.93x10° [0.09 x 107 0.787 9.8 x10°
C. 0.0176 14.3x10° [0.0171 x10° | 0.679 19.0x107°
Cs 0.199 37.0x10° [0.0442 x 10° | 0.598 49.1 x10°
Cs 0.022 87.3x10° [0.0908 x 10° | 0.517 101.0x10
0.000025
0.00002
g 0.000015
% 0.00001
0.000005
0
0 0.005 0.01 0.015 0.02 0.025
Potential/V

Figure 44. |-V curve C4 dye-sensitized solar cell using I';/I" electrolyte
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Figure 45. |-V curve of C, dye-sensitized solar cell using I's/I" electrolyte
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Figure 46. |-V curve of C; dye-sensitized solar cell using I'5/I" electrolyte
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Figure 47. |-V curve of Cs dye-sensitized solar cell using I's/I" electrolyte

4.5.2 Current-voltage characterization of cobalt(ll) complexes.

Table 9 show the solar conversion efficiencies of cobalt(ll) dyes, Cs, Co, and Cio
obtained from the |-V curves represented in Figures 48-50. The solar conversion
efficiency of cobalt(ll) complexes were very low when compared to N719 and the Ru(ll)
complexes. The efficiency of the complexes was between 0.60 x10™ and 1.5 x10°.The
I-V characterization complex Cg was not done because it was lighter in colour and also
C; was not characterized because the d-d transition was not obtained in the electronic
spectroscopy. The |-V curves were showing unusual results with coiled graphs which

might be due to freshly prepared solar cells.
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Table 8. |-V characterization of cobalt complexes

Complex Jsc Voc Pmax FF (n)
Cs 0.00283 0.049 x 102 |0 2.93 1.0 x10™
Co 0.00347 0.016 x 10> [ 0.001 x 10° |[11.35 1.5x107
C1o 0.00119 0.161 x 10> [ 0.005 x 10° | 1.64 0.60 x107
0.000003
0.0000025
0.000002
<
@ 0.0000015
3
0.000001
0.0000005
0

Figure 48. |-V curve of Cg dye-sensitized solar cell using I's/I" electrolyte

0.00004 0.00005 0.00006 0.00007 0.00008 0.00009 0.0001 0.00011 0.00012 0.00013 0.00014

Potential/V
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Figure 49. |-V curve of Cg dye-sensitized solar cell using I'/I" electrolyte
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Figure 50. |-V curve of C4¢ dye-sensitized solar cell using I3/l electrolyte
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The efficiency of ruthenium(ll) and cobalt(ll) complexes was very low compared to the
standard dye. The Vo, and Js; were very low and the solar conversion efficiency is
dependent on the two factors [47]. The poor values of these factors tend to decrease
efficiency of cells and the decrease in efficiency is probably due to poor adsorption of
the dye onto the surface of the TiO, semiconductor. The reason for poor adsorption
might be the anchoring ligand, the carboxylic groups were not strong enough to attach
onto the surface of the semiconductor. Moreover, the other reason might be the
carboxylic groups are too close to the metal ion and the electrons could not freely move
through the dye to the semiconductor. The structure of the dye strongly affects the

efficiency of the DSSC [25, 46].

The electrolyte is also the most important component in dye-sensitized solar cells [20,
25]. During fabrication of solar cells there was a discharge of electrolyte from the cells. It
was difficult to fill the TiO, semiconductor area properly with the electrolyte, which could
also be the reason for low efficiency. The dye sensitizer regeneration depends on the
electrolyte and the role of the electrolyte is to sustain redox cycle of dye for continuous
performance in light for a longer time [20]. The results obtained show the correlation
between photophysical and electrochemical properties of the complexes used for
DSSCs. The ruthenium complex, Cs obtained the highest energy efficiency compared to

other complexes, this is due to properties of pyrazolyl ligands [47].
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Chapter 5

5.0 Conclusions and future work.

5.1 Conclusions

Five ligands consisting of 2,6-bis-(benzimidazolyl)pyridine (L4) and its two derivatives
(L2 and Lj3), 2,6-bis-(pyrazoly)pyridine (Ls and Ls) and their corresponding ten
complexes containing five ruthenium(ll) and five cobalt(ll) complexes were successfully
synthesized. All the compounds were characterized by elemental analysis, conductivity
measurements, melting point, FTIR and NMR spectroscopy. All the ligands and
complexes are soluble in water and DMSO, and are non-electrolyte in solution.
Spectroscopic studies were used to confirm successful synthesis of the ligands and the
metal complexes. FTIR spectra of the complexes confirmed the coordination of the
metal ions through the nitrogen atoms. NMR spectroscopy was used to confirm the
structure of the ligands and complexes but characterization of L4-L3; and some

complexes using NMR was not possible due to poor solubility in almost all the solvents.

The photophysical and electrochemical studies of the ruthenium(ll) and cobalt(ll)
complexes were carried out using UV-Vis, PL and cyclic voltammogram. The electronic
spectroscopy confirmed the stereochemistry of the complexes to be octahedral, except
for C7 as d-d transition was not visible. Photoluminescence of the complexes was
observed at different wavelengths and appeared similar in all the compounds, the
intensity was found to increase with decreasing molar mass of ruthenium(ll) and

cobalt(ll) complexes. The complexes show good electrochemical properties except for
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some ruthenium(ll) complex (C4) in which the oxidation potential was not visible in the
cyclic voltammograms. The photophysical and electrochemical properties of the
complexes show that they can be employed as light-harvesting materials for the

fabrication of dyes sensitized solar cells.

Seven complexes containing four ruthenium(ll) and three cobalt(ll) complexes of 2,6-
bis-(benzimidazolyl)pyridine and 2,6-bis-(pyrazolyl)pyridine ligands were used for solar
cell fabrication and N719 dye was used as the standard dye. The dye-sensitized solar
cells were characterized with solar stimulator. The solar cell efficiency of ruthenium(ll)
and cobalt(ll) complexes was calculated from the |-V curves of DSSCs. The efficiency of
the complexes was observed to increase with increasing molar weight depending on the
nature of the ligand. Complex, Cs showed the highest efficiency (1.01x10 %) in all the

complexes that were examined.

The performance of these complexes was very low compared to that of N719 dye which
was used as the standard for this study. The low efficiency of the complexes was due to
low values of Vo and Js.. The low efficiency of cells can be ascribed to poor electron
injection into the TiO, semiconductor. This might have been caused by poorly adsorbed
anchoring ligands in which may be link to the orientation of the carboxylic anchoring

group on the metal complexes.
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5.2 Future Work

Further work needs to be done to modify the ligands and the complexes after synthesis
because some of the ligands were poorly soluble. This can be done by introducing
substituents that will make them more soluble. In electrochemical studies, the use of
different support electrolyte such as tetrabutylammonium hexafluorophosphate (TBAH)
instead of using phosphate buffer solution (PBS) is required especially in

electrochemistry of ruthenium, and use of other solvents instead of water.

Replacement of the anchoring ligands with tridentate (bis-(pyrazolyl)pyridine and bis-
(benzimidazolyl)pyridine) containing a carboxylic acid or phosphonic acid and then try to
compare the efficiency of the complexes. The tridentate ligands with carboxylic or
phosphonic group together with thiocynate ligand could result to higher efficiency. The
use of tridentate ligands will enhance the adsorption of dye onto the surface of the TiO,

semiconductor.

It is necessary to do the current-voltage characterization against time as to observe the
efficiency with time, the results of freshly prepared dye-sensitized solar cells sometimes
give strange |-V curves. To minimize the discharge of electrolyte from the cell, requires
an increase in temperature during the sealing of the cells. This would prevent the
possibility of the cell losing the electrons during characterization. The results must be
taken into account in the design of cobalt complexes as a sensitizer for DSSCs as to

replace ruthenium with most relatively cheaper metal.
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